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(1)  Forward: 

This  is  a  report  of  a  three  year  effort  Our  original  goal  was  to  build  and  operate  a  prototype  quantum  eomputer 
programmed  to  perform  Shor’s  factoring  algorithm,  and  we  made  considerable  progress  in  our  understanding  of 
the  difficulties  that  will  be  faced  before  this  goal  can  be  realized.  In  the  end,  we  did  accomplish  the  more 
modest  goal  of  demonstrating  a  number  of  methods  for  efficient  quantum  searching  of  a  quantum  data  base 
(Grover’s  algorithm),  and  came  to  a  greater  understanding  of  the  issues  involved  in  extending  this  to  more 
complex  computational  tasks. 

If  these  problems  are  to  be  pursued  in  the  future  (and  we  hope  to  be  involved  in  those  pursuits)  then  the  insights 
gained  in  this  research  will  have  been  well  worth  the  effort. 

This  final  report  is  divided  along  the  lines  of  our  research.  First  we  will  describe  our  Rydberg  apparatus,  which 
has  been  improved  dramatically  over  the  grant  period  as  a  result  of  this  project.  Next,  we  will  describe  our 
main  experimental  and  theoretical  results,  which  have  been  published. 

(4)  Statement  of  the  problem  studied: 

We  employ  learning  algorithms,  optical  and  terahertz  pulse  shaping  and  ultrafast  laser  techniques  to  control 
quantum  coherence  in  Rydberg  atom  wave  packet  quantum  data  registers.  Our  goals  are  to  discover  efficient 
ways  to  limit  decoherence  in  these  systems,  execute  arbitrary  unitary  operations  and  projection  operations,  and 
produce  and  probe  quantum  entanglement.  Rydberg  atoms  have  many  of  the  same  quantum  properties  of  other 
systems  that  have  been  proposed  for  processing  and  storing  quantum  information,  and  so  they  are  models  for 
techniques  that  could  be  employed  in  proposed  quantum  computers. 


(5)  Summary  of  the  most  important  results: 


Demonstration  of  Grover’s  Search  Algorithm  in  a  Rydberg  atom  data  base. 

In  earlier  work  prior  to  the  ARO  support  grant,  we  had  shown  how  simple  superposition  eould  be  employed  to 
search  for  data  encoded  as  quantum  phase  in  a  multi-state  Rydberg  atom  electronic  wave  packet.  Our  original 
technique  relied  on  coupling  between  the  Rydberg  wave  packet  an  a  single  non-Rydberg  quantum  level,  such  as 
the  ground  state.  Furthermore,  it  required  that  most  of  the  probability  remain  in  the  ground  state.  These  two 
conditions  hamper  any  attempt  to  extend  this  to  large  data  registers,  so  we  looked  for  a  new  technique  without 
these  restrictions.  The  answer  was  to  achieve  the  same  “inversion  about  the  mean”  operation  with  a 
transformation  among  the  Rydberg  states  using  a  terahertz  electric  field  pulse. 

Our  new  Grover’s  algorithm  proceeded  as  follows:  A  terahertz  half-cycle  pulse  was  used  to  retrieve  information 
stored  as  quantum  phase  in  an  A-state  Rydberg  atom  data  register.  The  register  was  prepared  as  a  wave  packet 
with  one  state  phase  reversed  from  the  others  (the  “marked  bif ’).  A  half-cycle  pulse  then  drove  a  significant 
portion  of  the  electron  probability  into  the  flipped  state  via  multimode  interference. 

This  interaction  forced  a  constructive  multimode  interference  only  on  a  phase-flipped  state.  Direct  integration  of 
the  time-dependent  Schrodinger  equation  as  well  as  an  impulsive  model  calculation  showed  good  agreements 
with  the  data.  Beyond  the  problem  of  database  searching,  these  results  point  toward  the  use  of  HCPs  as  general 
tools  of  analysis  for  unknown  wave  packets.  This  could  be  used  in  conjunction  with  optical  techniques  for  wave 
packet  tomography. 


Analysis  of  Quantum-state  information  retrieval  in  a  Rydberg-atom  data  register. 

In  our  next  paper,  we  analyzed  the  quantum  search  protocol  that  retrieved  phase  information  from  the  Rydberg- 
atom  data  register  using  a  subpicosecond  half-cycle  electric  field  pulse.  Calculations  show  that  the  half-cycle 
pulse  can  perform  the  phase  retrieval  only  within  a  range  of  peak  field  values.  By  varying  the  phases  of  the 
constituent  orbitals  of  the  Rydberg  wave  packet  register,  we  can  demonstrate  coherent  control  of  the  phase 
retrieval  process.  By  specially  programming  the  phases  of  the  orbitals  comprising  the  initial  wave  packet,  we 
showed  that  it  is  possible  to  use  the  search  method  as  a  way  to  synthesize  single  energy  eigenstates. 

The  sensitivity  of  the  phase  retrieval  to  the  peak  HCP  field  is  explained  by  multimode 

interference.  We  show  how  this  implementation  scales  with  increasing  database  size,  increasing  peak  HCP 

field,  and  with  increasing  principal  quantum  number  of  the  marked 

state.  We  demonstrate  coherent  control  over  the  retrieval  of  phase  information  using  an  HCP.  By  programming 
the  initial  wave  packet  and  the  HCP,  it  is  possible  to  create  the  correct  interference  conditions  to  produce  any 
desired  energy  eigenstate. 


Control  of  Rydberg  atoms  to  perform  Grover’s  search  algorithm  We  then  proceeded  beyond  simple  half-cycle 
pulses,  to  explore  the  limits  of  this  technique.  Using  optimal  control  theory,  a  shaped  terahertz  pulse  was 
designed  that  can  perform  the  search  algorithm  better  than  an  unshaped  half-cycle  pulse.  Starting  from  an  initial 
wave  packet,  we  found  that  it  is  possible  to  use  the  search  algorithm  to  synthesize  single-energy  eigenstates. 

We  derived  three  related,  but  different,  results.  Using  an  impulse  model  of  the  HCP,  we  showed  that  the  phase 
retrieval  performed  by  the  HCP  is  closely  related  to  the  inversion-about-the-average  operation  central  to  the 
search  algorithm.  Using  optimal  control  theory,  shaped  terahertz  pulses  were  designed  that  can  perform  the 
search  algorithm  better  than  unshaped  HCPs.  Finally,  we  showed  that  a  broadband  terahertz  pulse  can  be  used 
to  drive  a  Rydberg  wave  packet  population  into  a  single  eigenstate. 

Control  of  angular  momentum  evolution  in  Stark  wave  packets.  Some  quantum  algorithms  including  Shor’s 
factoring  algorithm  require  at  least  two  entangled  degrees  of  freedom,  with  operators  that  can  measure  one 


degree  of  freedom  without  destroying  coherence  in  the  other.  In  Rydberg  states,  these  two  degrees  of  freedom 
correspond  to  non-separable  superpositions  of  at  least  two  quantum  numbers. 

Furthermore,  our  work  on  data  base  searches  has  shown  that  in  ultrafast  implementations  of  quantum  logic, 
there  may  be  some  advantage  to  quantum  properties  that  are  time-dependent.  One  idea  we  have  investigated  is 
using  angular  momentum  quantum  numbers  in  Stark  Rydberg  manifolds  for  quantum  logic.  Using  techniques 
of  ultrafast  coherent  control,  we  showed  how  to  produce  high-purity  high-L  angular  momentum  states  in 
Rydberg  Stark  wave  packets.  The  method  works  as  follows:  Two  time-delayed  phase-locked  laser  pulses 
excite  the  atom  from  a  low-lying  “launch  state”  into  a  low-L  Rydberg  wave  packet,  in  the  presence  of  a  static 
electric  field.  By  choosing  the  time  delays  between  the  pulses,  and  the  static  electric  field,  we  find  that  a  high-L 
state  with  high  purity  can  be  created  at  a  specified  target  time.  Using  this  technique,  even  high-L  states  can  be 
created. 

Control  of  Trapped-Ion  Quantum  States  with  Optical  Pulses  This  is  our  first  paper  attempting  to  draw  some 
connections  between  our  work  on  quantum  control,  which  has  thusfar  concentrated  on  Rydberg  states,  and  more 
general  implementations  of  quantum  logic.  We  recently  published  a  paper  stating  some  general  results  on  the 
quantum  control  of  systems  with  infinitely  large  Hilbert  spaces.  A  control-theoretic  analysis  of  the  control  of 
trapped-ion  quantum  states  via  optical  pulses  was  performed.  We  demonstrate  how  resonant  bichromatic  fields 
can  be  applied  in  two  contrasting  ways — one  that  makes  the  system  completely  uncontrollable  and  the  other  that 
makes  the  system  controllable.  In  some  interesting  cases,  the  Hilbert  space  of  the  qubit-harmonic  oscillator  can 
be  made  finite,  and  the  Schroedinger  equation  controllable  via  bichromatic  resonant  pulses.  Extending  this 
analysis  to  the  quantum  states  of  two  ions,  a  new  scheme  for  producing  entangled  qubits  is  discovered.  Our 
results  show  that  the  specific  temporal  shapes  of  control  fields  are  important  in  establishing  controllability  of 
quantum  systems.  A  bichromatic  control  scheme  that  leads  to  the  finite-dimensionality  and  controllability  of 
the  trapped  ion  system  was  presented.  This  can  be  extended  to  produce  entangled  states  of  two  trapped-ion 
qubits. 
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